REPORT

Recessive Mutations in KCNJ13, Encoding an Inwardly
Rectifying Potassium Channel Subunit,
Cause Leber Congenital Amaurosis

Panagiotis 1. Sergouniotis,.2> Alice E. Davidson,1.> Donna S. Mackay,! Zheng Li,1.¢ Xu Yang,3
Vincent Plagnol,* Anthony T. Moore,1.2 and Andrew R. Websterl.2.*

Inherited retinal degenerations, including retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA), comprise a group of disorders
showing high genetic and allelic heterogeneity. The determination of a full catalog of genes that can, when mutated, cause human
retinal disease is a powerful means to understand the molecular physiology and pathology of the human retina. As more genes are
found, remaining ones are likely to be rarer and/or unexpected candidates. Here, we identify a family in which all known RP/LCA-related
genes are unlikely to be associated with their disorder. A combination of homozygosity mapping and exome sequencing identifies
a homozygous nonsense mutation, c.496C>T (p.Arg166X), in a gene, KCNJ13, encoding a potassium channel subunit Kir7.1. A screen
of a further 333 unrelated individuals with recessive retinal degeneration identified an additional proband, homozygous for a missense
mutation, ¢.722T>C (p.Leu241Pro), in the same gene. The three affected members of the two families have been diagnosed with LCA. All
have a distinct and unusual retinal appearance and a similar early onset of visual loss, suggesting both impaired retinal development and
progressive retinal degeneration, involving both rod and cone pathways. Examination of heterozygotes revealed no ocular disease. This
finding implicates Kir7.1 as having an important role in human retinal development and maintenance. This disorder adds to a small
diverse group of diseases consequent upon loss or reduced function of inwardly rectifying potassium channels affecting various
organs. The distinct retinal phenotype that results from biallelic mutations in KCNJ13 should facilitate the molecular diagnosis in further

families.

Retinitis pigmentosa (RP [MIM 268000]) is a heterogeneous
group of genetic disorders that feature progressive loss of
photoreceptor cells as a primary or secondary event.'
Consequent visual impairment usually manifests initially
as night blindness and visual field constriction. However,
great variability in age of onset, progression, fundus
appearance, and final visual outcome is observed. Leber
congenital amaurosis (LCA [MIM 204000]) represents the
most severe end of the phenotypic spectrum, causing
severe visual impairment from the first year of life.'”?
Genetic heterogeneity of RP and LCA is striking; inheri-
tance is predominantly monogenic (autosomal and X
linked), but polygenic and mitochondrial inheritance
patterns, as well as cases with de novo mutations, have
also been reported (RetNet and OMIM). The most preva-
lent and genetically heterogeneous RP subtype is the auto-
somal recessive form, with more than 30 genes implicated,
accounting for less than 60% of autosomal recessive RP
cases.® LCA is typically inherited in an autosomal recessive
manner and has been linked to more than 15 genes,
together explaining ~70% of families.® Half of the genes
mutated in LCA exhibit clinical heterogeneity with reces-
sive mutations giving rise to both LCA and early onset
RP (RetNet and OMIM). Identifying novel genes associated
with these conditions is a major challenge, particularly as
they are likely to be less prevalent and less obvious candi-
dates than those already known. Importantly, their identi-

fication will offer further insight into the mechanisms that
alter photoreceptor cell death kinetics.

In order to characterize the clinical consequences of
mutations in genes previously associated with human
ocular disease, as well as to identify novel disease-associated
genes, families with evidence of parental consanguinity,
presenting to the inherited eye disease clinics at Moorfields
Eye Hospital, are recruited as part of an ongoing study. More
than 100 families have been analyzed using single-nucleo-
tide polymorphism (SNP) arrays, on the assumption that
affected individuals will be autozygous for a chromosomal
region surrounding the mutated gene (homozygosity
mapping).* One such family of Middle-Eastern origin
(family A), including two affected family members, aged
34 (subject A-2; V-3 in Figure 1A) and 32 (subject A-3; V-4
in Figure 1A), is the basis of this report. The study was
approved by the local research ethics committee, and all
investigations were conducted in accordance with the prin-
ciples of the Declaration of Helsinki; informed consent was
obtained from all participating individuals. Both affected
siblings in family A were noticed to have nystagmus and
were diagnosed with LCA shortly after birth. Poor night
vision and difficulty reading print from an early age was re-
ported for both patients A-2 and A-3; gradual progression of
visual problems affecting central and peripheral vision was
also noted. Both had bilateral cataract surgery in their 20s.
No other family history of retinal disease was reported.
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Figure 1. Identification of KCNJ73 Mutations in Individuals from Two Families with LCA

(A) Pedigree of family A, exome sequencing data from patient A-3, and Sanger sequencing results in affected brother A-2 and unaffected
sister A-1. Pedigree reveals a recent common ancestor. Exome sequencing was performed in DNA from patient A-3. An R script assessing
and plotting homozygous or heterozygous state of detected SNPs was composed. In chromosome 2, long regions of homozygosity were
detected; SNPs within them are represented as red lines. Within the largest region of homozygosity, a nonsense mutation was identified
in KCNJ13 (c.496C>T [p.Arg166X]). Gene structure of KCNJ13 is presented (reverse strand), comprising of three exons. Coverage depth
distribution of the mapped reads along the three exons is shown (Savant Genome Browser; forward reads are in dark blue, reverse in light
blue). Sequencing reads showing the homozygous nonsense mutation are presented (IGV viewer; 80 reads total: 11 forward and 69
reverse, 100% adenine). Electropherograms of DNA sequence surrounding the p.Argl66X mutation are shown for affected brother
A-2 and unaffected sister A-1.

(B) Pedigree of family B, electropherograms of DNA sequence surrounding the ¢.722T>C (p.Leu241Pro) mutation in subjects B-3
and B-2, multiple alignment of ten KCNJ13 orthologs around the mutated amino acid, and schematic representation of Kir7.1.
The alignment was performed with ClustalW using the following Ensemble transcripts: Homo sapiens ENST00000233826, Pan troglodytes
ENSPTRT0000002418, Macaca mulatta ENSMMUT00000030719, Bos taurus ENSBTAT00000007700, Canis familiaris
ENSCAFT00000018359, Mus musculus ENSMUST00000113212, Rattus norvegicus ENSRNOT00000021507, Gallus gallus
ENSGALT00000002259, Xenopus tropicalis ENSXETT00000030393, and Danio rerio ENSDART00000063777. The schematic representa-
tion of Kir7.1 highlights the structural domains, predicted membrane topology, and the location of mutated residue identified.

Visual acuities were 2.0 logMAR (logarithm of the minimal Initially, DNA from patient A-2 was analyzed using an
angle of resolution) in each eye of patient A-2 and 1.78 log-  arrayed primer extension (APEX) microarray chip contain-
MAR for the right and 1.48 for the left eye of patient A-3. ing previously identified disease-causing variants in six
Fundoscopy revealed significant pigment at the level of LCA genes (LCA Chip, Asper Biotech, Tartu, Estonia); no
theretinal pigment epithelium (RPE) and in a configuration ~ disease-associated alleles were detected. As the phenotype
unlike that of typical RP (A-2 and A-3, Figure 2A). exhibited some features previously reported in disease
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due to mutations in RDHI12 (IMIM 608830], heavy
pigmentation and macular atrophy) and CRBI ([MIM
604210], nummular pigmented lesions), the coding region
and intron-exon boundaries of these genes were sequenced
and found to be normal. Subsequently, homozygosity
mapping was performed. Genotypes of both patients A-2
and A-3 were generated using a microarray containing
1.8 million markers of genetic variation (more than
906,000 SNPs and more than 946,000 probes for copy
number variant detection; Genome-Wide Human SNP
Array 6.0, Affymetrix, Santa Clara, CA, USA) according to
the manufacturer’s recommendations. The birdsuite set
of algorithms was used to detect and report SNP genotypes
(Birdseed v2, threshold 0.0025), common copy number
polymorphisms, and novel or rare copy number variants
in the processed samples.” A python script interacting
with a MySQL database was written (PS) to detect shared
regions of homozygosity and rank them by genetic
distance; the Marshfield linkage map was used.® Four chro-
mosomal segments over 5 cM were identified (Table S1
available online), the largest being a 45 cM region located
on 2q (flanked by SNPs rs10192834 and rs10199178).

As mutations were not detected in candidate genes
observed within shared regions of homozygosity (SAG
[MIM 181031] and PDE6D [MIM 602676] from the largest,
chromosome 2q, region and WDR17 [MIM 609005] from
a smaller region on 4q) and no pathogenic copy number
variants were identified, exome sequencing was under-
taken. Solution-phase hybrid capture with biotinylated

Figure 2. Retinal Imaging of Patients
and Unaffected Family Members Carrying
KCNJ13 Mutations

(A) Color photographs of right fundi of
patient A-2 (aged 34) and patient A-3
(aged 32) in family A as well as left fundus
of patient B-3 in family B (aged 33). Mor-
mal left fundus of 39-year old unaffected
c.496C>T (p.Argl66X) carrier (A-1, family
A) is also shown.

(B) Infrared image and linear spectral do-
main optical coherence tomography scans
(SD-OCT; Spectralis HRA+OCT, Heidel-
berg Engineering, Heidelberg, Germany)
of right (1, 2) and left (3, 4) retina of
patient B-3 in family B. Right retina of
his 64-year-old unaffected mother (B-1) is
also shown for comparison (5).

On some occasions, image quality was
compromised by unstable fixation due to
nystagmus or posterior capsule opacifica-
tion.

RNA baits was used to target 38 Mb
of genomic sequence from patient A-
3 (SureSelect Human All Exon Kit,
Agilent, Santa Clara, CA, USA). The
enriched library was amplified and
then sequenced on a single lane of
a HiSeq2000 (Illumina, San Diego,
CA, USA), generating 12.2 Gb of mappable sequence as
100 bp paired-end reads. Novoalign version 2.05 (Novo-
craft, Selangor, Malaysia) was used to align these reads to
the hgl9 reference sequence. The average sequencing
depth on the 38 Mb target region was 61, with 85% of
the bases covered with a depth of at least 10x. The ANNO-
VAR tool was used to annotate single-nucleotide variants
and small insertions/deletions.” A total of 16,649 calls
with respect to the reference sequence were detected (Table
1). We used the exome data to identify regions of homozy-
gosity, and these results were consistent with the findings
from SNP genotyping. Owing to the prior belief that the
causal variant is rare, we filtered calls that were found in
the 1000 genomes data set. We subsequently filtered the re-
maining variants on the basis of the linkage data and the
regions of homozygosity shared by both affected individ-
uals (Table 1). Given the level of consanguinity in this
family, we focused on homozygous calls. We identified
a single loss-of-function homozygous rare variant,
c.496C>T (p.Argl66X) in KCNJI13 (RefSeq accession
number NM_002242.4). The presence of this mutation in
homozygous state was confirmed by direct Sanger
sequencing in DNA from both affected siblings (subjects
A-2 and A-3). Parental DNA was not available for testing,
but we were able to obtain samples from unaffected
siblings. Subject A-1 (V-1 in Figure 1A), a 39-year-old
female, was found to carry the mutation in heterozygous
state. She was asymptomatic, and fundus examination,
55 degree fundus autofluorescence imaging, and spectral
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Table 1.

Number of Variants Identified in Exome Sequencing Data of Patient A-3 and Filtering on the Basis of Genotyping Data

Nonsynonymous
Heterozygous Variants

Nonsynonymous
Homozygous Variants

Nonsense/Splice Site/
Frameshifting Indel
Heterozygous Variants

Nonsense/Splice Site/
Frameshifting Indel
Homozygous Variants

Total Notin 1000 Genomes Not in 1000 Genomes Not in 1000 Genomes  Not in 1000 Genomes
Full exome 16,649 329 42 80 37
Within segments where 2,914 69 12 26 10
both parental haplotypes
are shared with affected sibling
Within regions of homozygosity 577 2 6 0 4
Within regions of homozygosity 161 2 22 0 1

shared with affected sibling

A threshold of 5 cM was used for segments where both parental haplotypes are shared in the two affected siblings. Regions of homozygosity were considered
significant if larger than 3 cM. The 20100804 sequence and alignment release of the 1000 genomes project was used (628 individuals).
@ These two variants (p.Glu180Val in ARMC9 [rs1626451] and p.Arg302His in GENT) cannot be fully excluded, but on the basis of physiological relevance, the loss-

of-function KCNJ73 change is much more likely disease causing.

domain optical coherence tomography (SD-OCT; Spectra-
lis  HRA+OCT, Heidelberg Engineering, Heidelberg,
Germany) were normal (A-1, Figure 2A).

KCNJ13 is a three-exon gene encoding Kir7.1, a 360
amino acid low-conductance inwardly rectifying potas-
sium channel (Kir) that functions as a homotetramer.51°
Like other Kir subunits, Kir7.1 contains two transmem-
brane regions (M1 and M2), one pore-forming loop (HS),
and cytosolic —NH2 and —COOH termini.!' The protein
is localized at the plasma membrane of a variety of ion-
transporting epithelia; high gene expression has been
found in intestines, thyroid, choroidal plexus, prostate,
kidney, and retina (Unigene,”'®'?). Within the retina,
Kir7.1 is primarily localized to the apical membranes of
RPE.'>' The mutant allele, if the transcript is not
subjected to nonsense-mediated decay, would produce a
peptide lacking almost the entire —COOH intracellular
segment of 204 amino acids. Such a protein product is
unlikely to form functional homotetramers, as this portion
is known to be critical for Kir channel subunit assembly.'*
Additionally, the —COOH terminus is required for correct
targeting of Kir7.1 to the apical membrane of epithelial
cells'®, and its absence in this mutant would likely lead
to mislocalization.

Previously, a missense mutation in KCNJ13 (c.484C>T
[p.Arg162Trp]) has been associated with a distinct ocular
condition, autosomal dominant snowflake vitreoretinal
degeneration (SVD [MIM 193230]), in a large pedigree
comprised of 14 affected family members.'* The disorder’s
name is derived from the presence of small inner retinal
crystalline-like deposits that are often observed in the
fundi of affected individuals.'® Other ocular features in-
clude corneal guttae, early onset cataract, fibrillar vitreous
degeneration, optic nerve head dysmorphism, normal
macular appearance, and granular changes near the equa-
torial fundus.'” Increased predisposition to retinal detach-
ment has also been reported.'® Visual acuity is normal, and
retinal function testing reveals only mild abnormalities.'®
Although the term SVD has been used in another eight

families, currently, these do not appear to be the same
condition by clinical or genetic evaluation.'®!7-19-23
Clearly, the phenotype in family A is very different to
that of SVD and includes severe visual impairment from
an early age and a grossly abnormal fundus examination.

To assess whether mutations in KCNJ13 are a common
cause of autosomal recessive retinal dystrophy, we per-
formed bidirectional Sanger sequencing of the entire
coding region and intron-exon boundaries of the gene in
333 additional unrelated patients (primer details are listed
in Table S2). Among the patients, 132 were affected with
recessive LCA or childhood onset retinal dystrophy; this
panel was enriched for mutations in novel genes, as the
patients’ DNA had been screened and excluded for previ-
ously reported LCA-causing variants through a microarray
chip (LCA Chip, Asper Biotech; 35% mutation detection
rate; D.S.M, unpublished data). The remaining 201 indi-
viduals were diagnosed with autosomal recessive adult
onset rod-cone or cone-rod dystrophy and had unknown
molecular diagnosis.

A homozygous missense variant (c.722T>C [p.Leu241-
Pro]) was identified in a patient of white European descent
(subject B-3, III-2 in Figure 1A; proband of family B) with
a remarkably similar phenotype to that observed in family
A. Segregation analysis confirmed heterozygosity for the
p-Leu241Pro change in maternal (subject B-1, 1I-4 in
Figure 1A) and paternal (subject B-2, II-5 in Figure 1A)
DNA. This sequence change has not been previously
reported (dbSNP and 1000 genomes) and was found to
be absent from 382 ethnically matched control chromo-
somes (Human Random Control DNA Panels, Salisbury,
UK). Although the patient is not knowingly consanguin-
eous, his parents originate from the same isolated
geographic area. It is therefore likely that the homozygous
state at this locus is consequent upon the presence of a
recent common ancestor. The mutated amino acid is highly
conserved across a broad range of species (Figure 1B);
among other human Kir family members, it is either
conserved or replaced by another nonpolar hydrophobic
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Figure 3. Predicted Protein Structure of a Human Kir7.1 Subunit
(A) Overlay of wild-type (WT; green) and mutant (yellow) Kir7.1
monomer models. Similar to other Kir family members, the
Kir7.1 monomer is comprised of an a-helical membrane domain
and an intracellular domain primarily composed of B sheets
(asterisk highlights the position of the ¢.722T>C [p.Leu241Pro]).
(B) Detail of the region around the 241 amino acid. Distortion of
the protein secondary structure is evident in the mutant when
compared to the wild-type monomer.

(C and D) The side chains of the Leu241 (wild-type; blue) and
Pro241 (mutant; red) residues are highlighted; the cyclic R group
structure of proline bends the amino acid chain. (D) presents
detail of (C).

The structural model was generated by using the SWISS-MODEL
protein homology modeling server; the crystal structure of
KirBac1.1 (Protein Data Bank code 1q7b) was used as a template.
Similar findings were observed when the structure of cKir2.2
(Protein Data Bank code 3jycA) was used as a template. PyMOL
(Delano Scientific, Portland, OR) was used to view the three-
dimensional molecular structures.

residue (Ile, Met or Val; Figure S1). In order to further eval-
uate the physiological significance of the p.Leu241Pro
change, we performed homology modeling (Figure 3).
Leu241 is located in the cytosolic —COOH terminus of
Kir7.1 and is the first of six amino acids to form a B sheet
(BI).2* The mutant Pro241 residue does not take part in
this B sheet formation, alters the orientation of the 3 sheet,
and distorts a proximal similar structure, thus inducing
a considerable conformational change (Figure 3).

The patient carrying this p.Leu241Pro homozygous
variant (subject B-3), a 33-year old male, was noticed to
have strabismus, nystagmus, and poor vision before the
age of 1. At 2 years of age, the diagnosis of LCA was
made. Only mild progression was reported, with night
vision having most noticeably deteriorated. He is a
moderate myope and had strabismus surgery at age 2, and
an electroretinogram recorded at 10 years of age showed
no consistent rod- or cone-driven responses. Bilateral cata-

ract surgery was undertaken in his early 20s. There was no
family history of retinal disease. Visual acuities were 1.45
logMAR in each eye. There was bilateral nystagmus, and
confrontational visual field testing showed severe field
loss but relative preservation of the inferior field. Fundus
examination showed areas of nummular pigment at the
level of the RPE, especially over the posterior pole (B-3,
Figure 2A). In vivo cross-sectional imaging using SD-OCT
revealed loss of outer retinal structures, thinning of the
hyperreflective band corresponding to RPE/Bruch’s mem-
brane, and a coarse lamination pattern (B-3, Figure 2B).
The distorted retinal microanatomy in an area of the fundus
in which cell death was not evident may suggest that the
early development of the human neurosensory retina is
disturbed. The proband’s 64-year-old father (subject B-2)
and 62-year-old mother (subject B-1) were also examined,
and fundoscopy, 55 degree fundus autofluorescence
imaging, and SD-OCT were normal (B-1, Figure 2B).

Other sequence alterations identified in our patient
cohort included three missense variants in the heterozy-
gous state not present in dbSNP or 1000 Genomes Project
(Table 2). A ¢.350A>G (p.GIn117Arg) change was found in
a patient of white European ancestry with early onset
retinal dystrophy and heavily pigmented fundi. GIn117
is located in an evolutionarily conserved region of the
protein that corresponds to the pore-forming loop; this
glutamine is also conserved among the majority of other
Kir family members.® As this patient’s phenotype closely
resembled that of affected individuals in families A and
B, further molecular analysis was performed to investigate
the possibility of a variant on the other allele. Initially, the
untranslated exon 1 of KCNJ13 was screened by direct
Sanger sequencing (Table S2) and found to be normal.
Second, to investigate the possibility of a small heterozy-
gous insertion or deletion spanning the translated region
of KCNJ13, long-range PCR using primers encompassing
exons 2 and 3 was performed (Table S2). Single PCR am-
plimers were obtained at the expected size of 3460 bp
from both patient and control samples. Direct Sanger
sequencing of the patient amplimer confirmed heterozy-
gous variants in both exons 2 (p.Glull7Leu) and 3
(c.524C>T [p.Thr175Ile]; rs1801251), thus excluding the
possibility of a large heterozygous deletion. Lastly we
aimed to investigate whether monoallelic expression of
the p.GInl117Arg variant was occurring by performing
a series of reverse-transcriptase PCRs using a patient-
derived leucoyte RNA sample. Unfortunately, KCNJ13
was not found to be expressed in either the patient or
any control leukocyte cDNA sample tested.

A c.485G>A (p.Argl62Gln) was identified in heterozy-
gous state in two unrelated male patients of Turkish
ancestry (33 and 42 years old). Interestingly, this change
occurs in the same amino acid as the dominant mutation
causing SVD (p.Argl62Trp).'* Both patients carrying
heterozygous p.Argl62GIn have been diagnosed with
adult onset RP, are night blind, and have field of vision
reduced to less than 10 degrees. Notably, one of the two
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Table 2.

Summary of DNA Variants in KCNJ13 Coding Region Reported Here and Elsewhere

Coding DNA Variants SIFT PolyPhen2 Frequency (Chromosomes)
In patients with
Tolerance HumVar Blosum recessive retinal In European
Index Score 62 Score disease controls
Nucleotide Protein Prediction (0to 1) Prediction (Oto1) (—4to4) (n=666+4) (n = 382) Reference
c.208G>T  p.Val70Phe tolerated 0.5 benign 0.043 -1 0/670 0/382 dbSNP 132 (rs79005659)
c.214G>T  p.Ala72Ser intolerant  0.02 PRD 0.978 1 0/670 0/382 dbSNP 132 (rs77818131)
c.344A>G  p.Glull5Gly intolerant O PRD 0.991 -2 0/670 0/382 dbSNP 132 (rs112079468)
c.350A>G  p.GInl17Arg intolerant O PRD 0.945 1 1/670 0/382 this study (LCA panel)
c.484C>T  p.Argl62Trp intolerant O PRD 0.972 -3 0/670 0/382 Hejtmancik et al.,
AJHG 2008
c.485G>A  p.Argl62GIn tolerated 0.2 PRD 0.937 1 2/670 0/382 this study (ARRP panel)
c.496C>T  p.Argl66X  not applicable —4 4/670 0/382 this study (family A)
¢.524C>T  p.Thr175Ile tolerated 0.38 benign 0.001 -1 212/670 109/382 dbSNP 132 (rs1801251)
c.652T>C  p.Tyr218His tolerated 0.74 benign 0 -2 0/670 0/382 1000 genomes
c.722T>C  p.Leu241Pro intolerant 0.02 PRD 0.997 -3 2/670 0/382 this study (LCA panel;
family B)
c.827A>C  p.Glu276Ala intolerant 0.03 PRD 0.987 -2 1/670 0/382 this study (ARRP panel)
c.869C>A  p.Pro290GIn intolerant 0.02 PRD 0.945 -1 0/670 0/382 dbSNP 132 (rs17853727)
c.925G>T  p.Gly309Cys intolerant 0O PRD 0.99 -3 0/670 0/382 dbSNP 132 (rs17857137)

SIFT results are reported to be tolerant if tolerance index > 0.05 or intolerant if tolerance index < 0.05. Polyphen-2 appraises mutations qualitatively as benign,
possibly damaging (POS), or probably damaging (PRD) based on the model’s false positive rate. Blosumé62 substitution matrix score positive numbers indicate
a substitution more likely to be tolerated evolutionarily, and negative numbers suggest the opposite. The cDNA is numbered according to Ensembl transcript

ID ENST00000233826, in which +1 is the A of the translation start codon.

(42 year old) is the product of a first cousin marriage; he is
the only affected family member, and fundoscopy on his
parents was unremarkable. The identification of a heterozy-
gous KCNJ13 variant in this proband suggests that the
region is not autozygous and is therefore unlikely to be
the disease locus.* Moreover, the phenotype is very
different to that seen in families A and B, suggesting
a different molecular pathology. A third missense variant
(c.827A>C [p.Glu276Ala)), altering a highly conserved
amino acid in the cytosolic —COOH terminus, was identi-
fied in a patient of South Asian origin with adult onset RP.
We could not find further convincing evidence that bial-
lelic mutations of KCNJ13 were responsible for the retinal
degeneration in any of these three families.

Based on the remarkable similar phenotypic presenta-
tion of affected individuals in families A (homozygous
p-Arg166X) and B (homozygous p.Leu241Pro), we hypoth-
esize that the LCA phenotype exhibited is consequent
upon lack of Kir7.1 channel function. This phenotype is
very different from that of dominantly inherited SVD,
previously reported in patients carrying a heterozygous
p.Argl162Trp variant in KCNJ13. Therefore, we speculate
that the p.Argl62Trp change in the heterozygous state
has an entirely different in vivo effect on Kir7.1 function,
perhaps exerting a gain-of-function effect. In vitro patch-
clamp studies have demonstrated that the SVD-associated
mutation, p.Argl62Trp, produces a nonselective cation
current, unlike its wild-type counterpart, when overex-

pressed in CHO-K1 cells.'* However, it remains to be deter-
mined how this mutant protein behaves in the presence of
wild-type Kir7.1. It is noteworthy that unaffected family
members (subjects A-1, B-1, and B-2) carrying the LCA-
associated variants in heterozygous state display no retinal
abnormality or signs of SVD; this suggests that haploinsuf-
ficiency in KCNJ13 does not cause ocular disease. Future
in-depth patch clamp experiments are necessary to further
investigate the underlying pathophysiology of Kir7.1-
related retinopathies, in particular the electrophysiological
effects of p.Arg162Trp and p.Leu241Pro on Kir7.1 channel
function with and without the presence of wild-type
Kir7.1.

Retinal disease due to KCNJ13 mutations adds to a small
group of disorders caused by reduced or abrogated expres-
sion of genes encoding inwardly rectifying potassium
channel subunits. These diseases involve glucose homeo-
stasis (familial hyperinsulinaemia hypoglycaemia type II
[MIM 601820], KCNJ11 [MIM 600937]),%° renal sodium
and potassium reabsorption (Bartter syndrome type II
[MIM 241200], KCNJI [MIM 600359]),%° glial cell mem-
brane resting potential (SeSAME/EAST syndrome [MIM
612780], KCNJ10 [MIM 602208])?’, and excitability of
cardiac and skeletal muscle (Andersen-Tawil syndrome
[MIM 170390], KCNJ2 [MIM 600681]).28

As part of a large program of work on consanguineous
families presenting with retinal disease, one family showed
homozygosity for a nonsense mutation in KCNJ13. An
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extensive screen of 333 families identified a proband with
a similar retinal phenotype to harbor a homozygous
missense mutation. This strongly suggests that absence
or deficiency of Kir7.1 causes LCA, and further studies of
its function in the developing and adult retina of verte-
brates, mammals, and humans will be of interest. Addi-
tionally, the particular, distinct retinal appearance and
course of retinal degeneration in these two families will
hopefully simplify the identification of further families
presenting to other physicians.

Supplemental Data

Supplemental Data include one figure and two tables and can be
found with this article online at http://www.cell.com/AJHG/.
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Web Resources
The URLs for data presented herein are as follows:

1000 genomes (628 individuals from the 20100804 sequence and
alignment release of the 1000 genomes project), ftp://ftp.
1000genomes.ebi.ac.uk/vol1l/ftp/data/

ANNOVAR, http://www.openbioinformatics.org/annovar/

Blossum62, http://www.ncbi.nlm.nih.gov/Class/FieldGuide/
BLOSUMG62.txt

ClustlW2, http://www.ebi.ac.uk/Tools/msa/clustalw2/

dbSNP, http://www.ncbi.nlm.nih.gov/projects/SNP/

IGV (Interactive Genomics Viewer), http://www.broadinstitute.
org/software/igv/

Online Mendelian Inheritance in Man (OMIM), www.omim.org

Polymorphism Phenotyping (PolyPhen) version 2, http://genetics.
bwh.harvard.edu/pph2/

Protein Data Bank, http://www.pdb.org/pdb/home/home.do

PyMOL, http://www.pymol.org/

R, http://www.r-project.org/

Retinal Information Network (RetNet), http://www.sph.uth.tmc.
edu/retnet/

SAMtools, http://samtools.sourceforge.net/

Savant Genome Browser, http://genomesavant.com/

Sorting intolerant from tolerant (SIFT), http://sitt.bii.a-star.edu.sg/

Swiss-Model, http://swissmodel.expasy.org/

Unigene, http://www.ncbi.nlm.nih.gov/UniGene/

UniProt, http://www.uniprot.org/
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